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Abstract:  18 
 19 
Mid-infrared (MIR) and near-infrared (NIR) spectroscopy have been compared and evaluated 20 
for differentiating kaolinite, coal bearing kaolinite and halloysite. Kaolinite, coal bearing 21 
kaolinite and halloysite are the three relative abundant mineral of the kaolin group, especially 22 
in China. In the MIR spectra, the differences are shown in the 3000-3600 cm-1 between 23 
kaolinite and halloysite. It can not be obviously differentiated the kaolinite and halloysite, let 24 
alone kaolinite and coal bearing kaolinite. However, NIR, together with MIR, give us the 25 
sufficient evidence to differentiate the kaolinite and halloysite, especially kaolinite and coal 26 
bearing kaolinite. There are obvious differences between kaolinite and halloysite in the all 27 
range of their spectra, and it also show some difference between kaolinite and coal bearing 28 
kaolinite. Therefore, the reproducibility of measurement, signal to noise ratio and richness of 29 
qualitative information should be simultaneously considered for proper selection of a 30 
spectroscopic method for mineral analysis. 31 
  32 
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1. Introduction 35 
Kaolin has been and continues to be one of the most important and useful 36 
industrial minerals. It is widely applied in the fabrication of paper, paints and inks, 37 
rubber and plastic, ceramic raw material, fiberglass, cracking catalysts, cosmetics, 38 
medicines, etc [1-3]. The kaolin group minerals include kaolinite, halloysite, dickite 39 
and nacrite. 40 
Kaolinite, Al2[Si2O5](OH)4 is a naturally occurring inorganic polymer with a 41 
layer structure consisting of siloxane and gibbsite-like layers. The siloxane layer is 42 
composed of SiO4 tetrahedra linked in a hexagonal array. The bases of the tetrahedra 43 
are approximately coplanar and the apical oxygen atoms are linked to a second layer 44 
containing aluminum ions and OH groups (the gibbsite-type layer) [4-6]. Kaolinite-45 
rich mineral deposits are very abundant in the Permo-Carboniferous coal-bearing 46 
strata of North China and are widely used [7, 8]. These deposits have high carbon 47 
content and form hard kaolinite minerals. It was found that kaolinite usually existed in 48 
the upper part of sedimentary cycle, deposited vertically [9]. Almost all coal measures 49 
of Northern China contain the industrial kaolinite rocks which generally contain a 50 
significant amount of organic compounds. Therefore, this kind of kaolinite is called as 51 
coal-bearing kaolinite. The color of coal-bearing kaolinite is rather dark, varying from 52 
light gray to gray black to almost completely black [7, 9, 10]. Halloysite occurs 53 
mainly in two different forms, the hydrated form (basal distance around 10 Å) with 54 
the minimal formula of Al2Si2O5 (OH)4·2H2O, and the dehydrated form (basal 55 
distance around 7 Å) with the minimal formula  of Al2Si2O5(OH)4, being identical to 56 
kaolinite. The hydrated form converts irreversibly into the dehydrated form when 57 
dried at temperatures below 100 °C [11, 12]. This halloysite (d=10Å) easily 58 
dehydrates in atmospheric pressures at temperatures around 60 ○C or in vacuum at 59 
room temperature. This anhydrous form has a basal spacing near 7.2 Å and is 60 
metastable, recovering its interlayer water when placed in wet air. Because the 1:1 61 
layers in hydrated halloysite are separated from each other by a water layer and occur 62 
in a scroll-like morphology, halloysite has a larger cation exchange capacity and 63 
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surface area than kaolinite [6, 11, 13]. Halloysite, unlike kaolinite, its structure is 64 
disordered in both the “a” and the “b” crystalline axis directions in successive layers 65 
[11]. Because both halloysite and kaolinite are present in kaolin deposits in a wide 66 
range of percentages in China, distinguishing these two clay minerals is difficult [14]. 67 
Vibrational spectroscopic methods such as near-infrared (NIR) and mid-infrared 68 
(MIR) spectroscopy have been considered as an alternative analytical method because 69 
they are fast and non-destructive [15]. NIR has been widely applied to study clay 70 
mineral such as organoclay and montmorillonite [16-18]. To date there have been few 71 
reports of using NIR spectroscopy in the differentiation of the kaolin group minerals. 72 
Yet NIR spectroscopy is such a powerful technique and is seriously underutilized in 73 
this regard.  74 
In the present work, MIR and NIR spectroscopy have been compared and 75 
evaluated for differentiating kaolinite, coal bearing kaolinite and halloysite. The 76 
obvious differences between kaolinite and halloysite in the all range of spectra have 77 
been shown, and they also show some difference between kaolinite and coal bearing 78 
kaolinite. The effects of the clay minerals structure, chemical composition and the 79 
availability of the interlayer space on the extent of clay mineral are discussed. The 80 
purpose is not only to demonstrate that the NIR region provides information 81 
comparable with that obtained by MIR, but also to reveal higher sensitivity of this 82 
spectral region to structural difference of clay mineral. 83 
 84 
2. Experimental methods 85 
2.1 Materials 86 
Three kaolin samples, including kaolinite (K), coal bearing kaolinite (C-K) and 87 
halloysite (H), were selected for this study (Table 1). Samples were used directly, 88 
without prior size fraction separation and further purification, since one of the 89 
objectives is to determine the influence on the degree of order of the particle size of 90 
kaolinite and halloysite. 91 
 92 
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2.2 X-ray diffraction 93 
X-ray diffraction patterns were collected using a PANalytical X’Pert PRO X-ray 94 
diffractometer (radius: 240.0 mm). Incident X-ray radiation was produced from a line 95 
focused PW3373/10 Cu X-ray tube, operating at 40 kV and 40 mA, with Cu K 96 
radiation of 1.540596 Å. The incident beam passed through a 0.04 rad soller slit, a 1/2 97 
° divergence slit, a 15 mm fixed mask, and a 1 ° fixed antiscatter slit. All samples 98 
were prepared for X-ray diffraction studies as random pressed powder. 99 
 100 
2.3 Mid infrared spectroscopy 101 
Mid-Infrared spectra were obtained in reflectance mode using a Nicolet Nexus 102 
870 Fourier transform infrared spectroscopy (FT-IR) spectrometer with a smart 103 
endurance single bounce diamond ATR cell. Spectra over the 4000-600 cm-1 range 104 
were obtained by the co-addition of 64 scans with a resolution of 4 cm-1 and a mirror 105 
velocity of 0.6329 cm/s. Spectra were co-added to improve the signal to noise ratio. 106 
No sample preparation was involved. 107 
 108 
2.4 Near infrared spectroscopy 109 
Near infrared spectra in reflectance mode using a Nicolet Nexus FT-IR 110 
spectrometer with a Nicolet Near-IR Fibreport accessory (Nicolet Nexus, Madison, 111 
Wisconsin, USA). A white light source was used, with a quartz beam splitter and TEC 112 
NIR InGaAs detector. Spectra were obtained from 12000 to 4000 cm-1 (909-2500 nm) 113 
by the co-addition of 64 scans at a resolution of 8 cm-1. A mirror velocity of 1.2659 114 
m/s was used. 115 
The spectral manipulations of baseline adjustment, smoothing and normalization 116 
were performed using the Spectracalc software package GRAMS (Galactic Industries 117 
Corporation, NH, USA). Band component analysis was carried out using Peakfit 118 
software (Jandel Scientific,Postfatch 4107, D-40688 Erkrath, Germany). Lorentz-119 
Gauss cross product functions were used through out and peakfit analysis undertaken 120 
until squared correlation coefficients with r2 >0.997 were obtained. 121 
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 122 
3. Results and discussion 123 
3.1 X-ray diffraction 124 
Fig.1 displays the X-ray diffraction patterns (XRD) of the kaolinite (K), coal 125 
bearing kaolinite (C-K) and halloysite (H) samples together with standard XRD 126 
patterns. The basal spacing of kaolinite and halloysite are measured as 0.717 and 1.00 127 
nm, respectively (Fig.1), representing typical XRD patterns of kaolinite and 128 
halloysite. The XRD peak list and intensity of these kaolin samples are reported in 129 
table 2. The XRD pattern of halloysite shows a diffraction peak at 2θ=8.82° which is 130 
related to (001) plane. This basal reflection of halloysite is due to its tubular 131 
morphology, high degree of disorder, small crystal size and interstratifications of layer 132 
with various hydrations, but the d-spacing of kaolinite is 7.17 Å at 2θ of 12.34 ° the 133 
same as coal bearing kaolinite. The degree of structural disorder of the kaolinite 134 
samples can be evaluated on the basis of the XRD background in the range 135 
2θ=20─30○, and the width of the (002) diffraction peak d=3.58 Å at half the 136 
maximum height [19-22]. Structural order in the kaolinite was estimated using the 137 
Hinckley index (HI) [20]. The kaolinite samples from two different area clearly 138 
revealed an increase in the ordering in the sense K=1.31< C-K=1.35. Compared to 139 
kaolinite, coal bearing kaolinite has orientation preference at (001) and (002); by 140 
showing two more intensive peaks at 2θ of 12.31 ° and 24.78 °. The XRD patterns of 141 
these three kaolins mineral show the exits quartz (SiO2) as impurity.  142 
According Chinese standards GB/T 14564-1993, the chemical composition of 143 
the three kaolins is analyzed and reported in table 3. A comparison of kaolinite and 144 
halloysite gives discovery that the distribution of chemical composition in these 145 
kaolins shows some variation. The LOI (Loss on ignition）in halloysite is more 146 
concentrated than kaolinite. This variability may be attributed to differences in the 147 
geological environment such as intensity of weathering or the extent of transportation 148 
of the minerals during formation or deposition [23]. 149 
 150 
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3.2 Mid infrared spectroscopy 151 
The mid infrared spectra of kaolinite, coal bearing kaolinite and halloysite in 152 
600-1750 cm-1 and 3000-3750 cm-1 are shown in Figs.2 and Fig. 3. The characteristic 153 
bands between 600 and 1750 cm-1 for kaolinite are at 755, 792, 912, 998, 1027 and 154 
1115 cm-1. They are ascribed to the Al-OH bending vibrations (792 and 755 cm-1), the 155 
OH bending (943 and 912 cm-1), the Si-O-Si in-plane (1027 and 998 cm-1) and the 156 
apical Si-O (1115 cm-1). These bands observed in this study correspond exactly to 157 
those previously reported [24]. The infrared spectrum of coal bearing kaolinite shows 158 
these peaks in similar positions to that of kaolinite. The band is observed at 1058 cm-1 159 
for coal bearing kaolinite. One possible assignment of this band is to the impurity of 160 
organic. This is because this kaolinite is bearing with coal. In comparison to kaolinite 161 
and coal bearing kaolinite, the halloysite spectrum shows two new bands in this 162 
region. Two bands are observed at 1633 and 1650 cm-1 which appeared, but less 163 
intense, and is assigned to water bending modes within the clay interlayer [17]. The 164 
fact that two bands are observed suggests that there is water macular in the halloysite 165 
structure, which is different with the structure of kaolinite. 166 
In the infrared spectrum between 3000 to 3750 cm-1 of kaolinite, four distinct 167 
bands can be observed at 3691, 3671 and 3654 cm-1. These bands are assigned to the 168 
OH stretching mode of the three inner surface hydroxyl groups. The band at 3620 cm-169 
1 is assigned to the stretching mode of the inner hydroxyl group. The bands at 3671 170 
and 3654 cm-1 are weak and are described as the out-of-phase vibrational modes. The 171 
in-phase vibration is observed at 3691 cm-1. The 3620 cm-1 inner OH band is strong 172 
and sharp. The intensity of the OH stretching bands depends on the structural order of 173 
kaolinite. In less ordered kaolinites the intensity of the band at 3691 cm-1 is reduced 174 
and the bands at 3671 and 3654 cm-1 cannot always be resolved [24, 25]. The 175 
hydroxyl bands are very sensitive probes for distinguishing between kaolin clay 176 
minerals and determining their structure. Characteristic bands for coal bearing 177 
kaolinite are at 3689, 3669, 3652 and 3620 cm-1.They are also ascribed to the OH 178 
groups stretching vibration modes. Two less intense bands are observed at 3540 and 179 
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3361 cm-1, which correspond to the OH groups stretching vibration modes of the 180 
organic admixtures molecules in the coal bearing kaolinite. According with Liu et al 181 
[17], the intensity of the infrared spectra bands in this region vary with the existence 182 
of organic molecule compared with the pure clay. This may suggest the organic 183 
molecular exist in the coal bearing kaolinite. This also is an evidence for 184 
differentiating coal bearing kaolinite from kaolinite. The bands observed at 3594, 185 
3556, 3500, 3288 and 3182 cm-1 are assigned to the water hydrogen bonded to other 186 
water molecules within the interlayer of the halloysite and attributed to hydroxyl 187 
stretching frequency of the interlayer water. The fact that five bands are observed 188 
suggests that there are more than one types of water present in the halloysite structure. 189 
This is the main difference between halloysite and kaolinite in the MIR spectroscopy. 190 
The halloysite spectrum is broad and of weak intensity compared to that of the other 191 
kaolin. The other bands observed at 3527, 3401 and 3367 cm-1 are due to the OH 192 
stretching vibration modes of the impurity gibbsite.  193 
 194 
3.3 Near infrared spectroscopy 195 
The near infrared (NIR) technique mainly measures overtones and combination 196 
bands of the fundamental vibration of O-H, N-H and C-H bands in the mid infrared 197 
region [26, 27]. For convenience, the NIR spectra of kaolinite, coal bearing kaolinite 198 
and halloysite are divided into three sections, they are (a) the 4000-6000 cm-1 region 199 
attributed to combination of OH and Si-OH modes (Fig.4); (b) the 6000-8000 cm-1 200 
region (Fig.5) and (c) the 10000-11000 cm-1region is the high wavenumber region 201 
(Fig.6). 202 
 203 
3.3.1 4000-6000 cm-1 region 204 
The 4528 cm-1 band appears in the spectra of kaolinite and coal bearing kaolinite 205 
and corresponds to (ν+δ)AlOH combination mode of kaolinite [16]. A similar 206 
observation is made for the halloysite. The corresponding band is located at 4535 cm-207 
1, showing shifts of 7 cm-1. Moreover, the intensity of this band became lower and 208 
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broader than kaolinite. This may suggests that the water in the interlayer of halloysite 209 
influence the vibration of NIR. The bands are observed at 4562 , 4605, 4639 cm-1 for 210 
kaolinite and 4559 ,4601, 4636 cm-1 for coal bearing kaolinite and assigned to the 211 
combination for “inner surface hydroxyls ” and “inner hydroxyls” whose coupled 212 
stretching and bending modes gave rise to bands at 3695-3620 cm-1 and near 912 cm-1 213 
[28]. However, these bands in halloysite are observed at 4605, 4450 and 4412 cm-1 214 
which is due to the (ν+δ) OH combination of “inner hydroxyl” and “inner surface 215 
hydroxyls”. This variation of band position and intensity is attributed to the water in 216 
the layer of halloysite, especially when compared with the kaolinite. The bands are 217 
observed at 5160, 5206, 5233 and 5253 cm-1 for kaolinite and 5091, 5183 and 5249 218 
cm-1 for coal bearing kaolinite. These bands are attributed to the combination of (ν) OH 219 
and (δ) HOH vibration modes. A similar set of results are observed for the near infrared 220 
spectrum of halloysite. Three broad bands are observed at 5017, 5156 and 5241 cm-1, 221 
but the intensity for coal bearing kaolinite and halloysite is much higher than 222 
kaolinite. These bands are very strong in intensity and a little low in position to be 223 
interpreted as absorbed water vibration modes. They should be assigned to the water 224 
in the layer of clay minerals. These bands provide evidence that the water exist in the 225 
layer of halloysite. The NIR spectrum in the 5500-6000 cm-1 region is the spectra 226 
region for the first fundamental overtones of the organic impurity. The relative low 227 
intensity bands are observed at 5430, 5507 and 5588 cm-1 only in the spectrum of coal 228 
bearing kaolinite and are not observed in this spectral region of kaolinite and 229 
halloysite. These bands provide evidence that there is some organic impurity in the 230 
coal bearing kaolinite. In the same time, these bands can be used to differentiate coal 231 
bearing kaolinite from kaolinite. 232 
 233 
3.3.2 6000-8000 cm-1 region 234 
The NIR spectral region between 6000 and 8000 cm-1 is the region where the first 235 
fundamental overtone of the OH stretching bands in clay. The bands are observed for 236 
kaolinite at 7247, 7174, 7123 and 7066 cm-1 and are assigned to the first fundamental 237 
overtone of the OH stretching vibrations at 3620 cm-1 in the MIR spectrum for 238 
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kaolinite. These bands are attributed to inner hydroxyl units on the Al in the kaolinite. 239 
It also can be found these bands in the spectra of coal bearing kaolinite in the same 240 
region. They also attributed to the overtone of the OH stretching vibration at 3620 cm-241 
1 in the MIR spectrum for “inner hydroxyl” of coal bearing kaolinite. The bands are 242 
observed in the region between 7300 and 7750 cm-1 and assigned to the OH stretching 243 
vibration at 3652, 3671 and 3691 cm-1 in the MIR spectra for “inner surface hydroxyl” 244 
of kaolinite and coal bearing kaolinite [28].  245 
For halloysite in this region, the first fundamental overtone of the OH stretching 246 
bands in clay and water are observed between 6100 and 7300 cm-1 region. The broad 247 
bands are observed at 6464, 6695, 6838, 6884 cm-1 for halloysite and are assigned to 248 
the overtone of OH stretching vibration of water molecular in the layer of halloysite. 249 
It also can be found one band at 6915 cm-1 in the spectrum of coal bearing kaolinite. 250 
Therefore, the OH stretching vibration of water molecular in the MIR spectrum at 251 
3540 and 3361 cm-1 is further proved. These bands are not observed in the spectrum of 252 
kaolinite and also provide evidence of existing water in the layer of halloysite. The 253 
other bands are observed at 6977, 7031, 7081, 7123, 7212 and 7154 cm-1 and 254 
attributed to the overtone of the OH stretching vibration at 3620, 3650, 3679 and 3698 255 
cm-1 in the MIR spectrum for “inner hydroxyl” and “inner surface hydroxyl” of 256 
halloysite. This variation of the band position and intensity is attributed to the water in 257 
the layer of halloysite. 258 
Overall, considerable differences are found among kaolinite, coal bearing 259 
kaolinite and halloysite of NIR spectra data in this region. The intensity and position 260 
of overtone of four hydroxyl-stretching show some differences. The bands in 6100-261 
7300 cm-1 region are different between kaolinite, coal bearing kaolinite and halloysite, 262 
especially in halloysite and kaolinite. This difference is attributed to the basic 263 
difference in the two minerals. However, the spectrum of coal bearing kaolinite is 264 
similar to those of kaolinite in the region between 7000 and 8000 cm-1. 265 
 266 
3.3.3 10000-11000 cm-1 region 267 
The NIR spectra in the 10000-11000 cm-1 region are the spectral region for the 268 
10 
overtones of OH stretching vibrations observed in the MIR spectral region. The 269 
relative low intensity bands are observed at 10332, 10361, 10460 and 10491 cm-1 for 270 
kaolinite and 10332, 10386 and 10498 cm-1 for coal bearing kaolinite. These bands 271 
might be due to the combination (3ν) OH of hydroxyl in the kaolinite. No NIR bands 272 
are observed in this region for halloysite. This maybe suggests that the water in the 273 
layer of halloysite influence the NIR spectrum about these bands. 274 
 275 
4. Conclusions 276 
MIR spectra provide greater spectral features and better spectra resolution; 277 
however, these spectra can not give the obvious difference between kaolinite and 278 
halloysite, let alone kaolinite and coal bearing kaolinite. In contrast, the bands in the 279 
NIR more spectral noise and the baselines vary, however the bands in the NIR spectra 280 
are more convictive than MIR spectra. 281 
In the NIR spectra, the full spectral range provides the best calibration result to 282 
differentiate the kaolinite and halloysite. This is because the structure of mineral, a 283 
basic property, is the result of the contribution not from specific components but from 284 
all components in mineral. Therefore, to better differentiate the mineral, the full 285 
spectra range including MIR and NIR will provides the best results rather than only 286 
the specific spectral regions. 287 
 288 
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Table1 Kaolin samples 
Kaolin Sample Location Content of Mineral Impurities 
Kaolinite(K) Hebei Zhangjiakou, China 95% Kaolinite Quartz (5%) 
Coal bearing kaolinite(C-K) Shanxi Datong, China 97% kaolinite Quartz (3%) 
Halloysite(H) Hunan Xianrenwan, China 83.2% Halloysite Quartz (8.1%), Gibbsite (8.7%) 
15 
Table 2 XRD peak list of kaolin samples 
 
NO. Kaolinite Coal bearing kaolinite  Halloysite  
d(nm) 2θ I% d(nm) 2θ I% d(nm) 2θ I% 
1 0.717 12.33 100 0.717 12.33 100 1.00 8.82 100 
2 0.436 20.32 17 0.436 20.32 6 0.733 12.06 15.4
3 0.417 21.24 9.1 0.417 21.24 3.3 0.484 18.30 34.8
4 0.385 23.07 4.5 0.383 23.17 1.1 0.437 20.26 59.2
5 0.357 24.86 62 0.357 24.86 63.9 0.351 25.30 6.6 
6 0.335 26.58 12.9 0.336 26.38 1.6 0.335 26.62 32.1
7 0.31 28.68 1.1 0.311 28.68 0.5 0.256 35.02 24 
8 0.296 30.16 3.9 0.275 32.48 0.5 0.246 36.56 6.8 
9 0.274 32.56 0.9 0.249 35.96 3.2 0.237 37.93 6.6 
10 0.249 35.98 10.4 0.235 38.27 2.8 0.223 40.37 2.7 
11 0.234 38.40 14.9 0.228 39.36 2 0.204 44.34 3.7 
12 0.228 39.35 6.4 0.199 45.48 1.4 0.199 45.52 4.8 
13 0.218 41.20 1.7 0.194 46.88 0.5 0.180 50.53 4.8 
14 0.199 45.56 4.2 0.183 49.54 0.5 0.174 52.32 2.9 
15 0.193 46.80 1.8 0.178 51.00 2.3 0.168 54.56 6.8 
16 0.189 48.06 1.7 0.166 55.14 1.7 0.149 62.26 12.9
17 0.183 49.73 0.4 0.154 60.02 0.6 0.137 68.10 3.8 
18 0.178 51.08 1.8 0.149 62.26 2.0    
19 0.166 55.22 4.5 0.130 72.26 0.9    
20 0.162 56.76 2.7       
21 0.158 58.30 0.7       
22 0.149 62.26 7       
23 0.137 68.34 0.7       
16 






Kaolin samples SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI (Loss on ignition)
Kaolinite(K) 47.05 1.38 36.33 0.4 0.004 0.01 0.47 0.081 0.01 0.1 13.93 
Coal bearing kaolinite(C-K) 53.54 0.05 30.13 1.52 0.065 1.33 0.39 0.72 0.60 <0.1 11.61 
Halloysite(H) 35.47 0.065 34.51 1.36 0.22 0.81 0.47 0 0.32 0.03 26.69 
17 
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